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PREFACE 
 
The work in this dissertation is explained in detail in five chapters. Chapter 1 
consist of the introduction in which the need to do the study is justified and the 
literature review in which the study is embedded in work previously done and 
identifying the knowledge gaps in these works. Subsequent chapters report on 
work done in paper format in order to extract individual chapters and submit them 
to journals for publication. Chapter 2 deals with expression of Cry1Ab proteins in 
different parts of maize and the effects on the activity of earthworms. Chapter 3 
evaluates compositional quality of Bt maize silage and fate of the Cry1Ab protein 
during ensiling. Chapter 4 reports on findings on the decomposition of surface-
applied and soil-incorporated Bt maize residues under field conditions and the 
subsequent fate of the Cry1Ab protein. Chapter 5 includes the general 
discussion, conclusions and recommendations for further studies.  
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ABSTRACT 
 
There are concerns that genetic modification of maize with Bacillus thuringiensis 
may influence its structural and chemical composition which, together with the 
Cry1Ab proteins, may affect agro-ecosystem processes and feed quality. This 
study was aimed at investigating the expression of Cry1Ab protein in leaves, 
stems and roots of Bt maize and the effect of genetic modification (MON810) on 
activity of earthworms, silage quality and decomposition of residues in the field.   
In 2009/10 four maize cultivars; DKC61-25B, DKC61-24, PAN6Q-321B and 
PAN6777 were planted. Expression of Cry1Ab in leaves, stems and roots was 
analyzed at 6, 8, 10 and 12 weeks after planting (WAP). Earthworms were also 
sampled from the same treatments at 6, 9 and 18 WAP. Two silage experiments 
were conducted using maize cultivars, DKC80-12B and DKC80-10 produced in 
the 2008/09 season and DKC61-25B, DKC61-24, PAN6Q-321B and PAN6777, 
produced in 2009/10. The silage was sampled at 0, 2, 4, 8, 15 and 42 days in 
2008/09 and 0, 8 and 42 days in 2009/10 and analyzed for Ash Free Dry Matter, 
Crude Fiber, Neutral Detergent Fiber, Acid Detergent Fiber, Acid Detergent 
Lignin, Crude Protein and Total Digestible Nutrients.  
Two litter-bag decomposition studies were also carried out (i) in 2008 (surface 
applied) using maize cultivars DKC80-12B, DKC80-10 and DKC6-125 residues 
and (ii) in 2009 (soil incorporated) using DKC75-15B, CRN3505, PAN6Q-321B 
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and PAN6Q-121. Ash-free dry matter and Cry1Ab protein were measured 
throughout the incubation time. 
There were no differences between DKC61-25B and PAN6Q-321B in terms of 
expression of Cry1Ab in leaves, stems and roots over time. The Cry1Ab 
expression levels were in decreasing order: leaves > stems > roots. No effects of 
Bt maize on earthworm numbers and biomass were observed. There were no 
differences in all silages parameters except NDF and ADF, which were higher in 
the Bt maize silage than that of the non-Bt maize from the 2008/09 season. The 
Cry1Ab levels were essentially not reduced during ensiling. The maize residues 
(both Bt and non-Bt maize) degraded to similar levels, either when surface-
applied or incorporated into soil but soil-incorporated residues decomposed 
faster than surface-applied ones. Cry1Ab degraded as the plant matrix 
decomposed. 
The findings suggested that maize genetically modified with the Bt MON810 
event can be grown in the Central Eastern Cape without affecting earthworm 
numbers and biomass, silage quality and decomposition of maize residues.  
 
Keywords: Bt maize, Cry1Ab proteins, decomposition, earthworms, residues, 
silage making
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CHAPTER 1 
GENERAL INTRODUCTION AND LITERATURE REVIEW 
 
1.1 GENERAL INTRODUCTION 
Major advances in genetic engineering have made possible the development of 
crops with desirable traits such as disease and pest resistance, herbicide 
tolerance, drought tolerance and improved quality of crop yield among other 
traits. Transgenic crops expressing Cry proteins from Bacillus thuringiensis (Bt) 
confer some insecticidal qualities to crops and transgenic maize, for instance, is 
known to effectively control insect pests of the family Lepidoptera, particularly the 
European Corn Borer (ECB), Ostrinia nubilalis, the most damaging pest attacking 
maize (Saxena and Stotzky, 2001a) and Sesamia calamistis, Busseola fusca and 
Chilo partellus in South Africa (SA) (van Den Berg and van Wyk, 2007). Other 
major transgenic crops exhibiting insect resistance grown around the world are 
soybean, cotton, canola and alfalfa.  
Cultivation of transgenic crops continues to increase since they were first 
commercialized in 1996 (James, 2007). Transgenic maize alone occupied about 
35.2 million hectares in 2007 which translated to 24 % per cent of the global 
maize area and 1.6 million ha in SA (James, 2007). This increase in the 
cultivation of transgenic crops has generated a strong public debate over the 
possible adverse effects on the environment, including soil ecosystem and 
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microbial processes and functions (Motavalli et al., 2004; Mungai et al., 2005; 
Icoz and Stotzky, 2008).  
Cry proteins may have an effect on non-target soil organisms like earthworms, 
bacteria, fungi, nematodes and termites. A number of Bt maize varieties have 
been modified to express the Cry1Ab protein throughout the plant. Other 
transformation events produce the proteins in some parts of the plants and not 
others (Dutton et al., 2003). Transgenic (Bt) maize has been reported to release 
the Cry1Ab protein in the rhizosphere (Saxena and Stotzky, 2000; 2002) which 
could affect soil organisms.   
A number of studies have looked at the effects of Cry proteins on earthworms 
(Saxena and Stotzky, 2001b; Zwahlen et al., 2003a; Stotzky, 2008). Earthworm 
species differ in abundance and distribution in different localities (Edward and 
Bohlen, 1996).  These studies have investigated the effects of Bt maize on the 
Lumbricus terrestris (Saxena and Stotzky, 2001b; Zwahlen et al., 2003a), 
Lumbricidae community (Lang et al., 2006) and Apporectodea calignosa (Ahl 
Goy et al., 1995; Vercesi et al., 2006) and Eisenia fetida (Clark and Coats, 2006). 
The Lumbricidae species are by far the most widely distributed species (Edward 
and Bohlen, 1996). The soils of Eastern Cape (EC) of South Africa are home to 
the endemic microchaetids unique to South Africa (Plisko, 1991). Other 
earthworms in the EC include Proandricus species. Most of these studies were 
conducted under laboratory conditions and earthworms were fed on residues. 
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Effects of growing Bt maize on the activity of locally adapted earthworms under 
field conditions of the EC is therefore important. 
Transgenic (Bt) maize could be used for silage making (animal feed), burnt, left 
on the surface of incorporated into soil after harvesting the cobs, for green maize, 
or grain. Considering that GM products are under regulation in a number of 
nations and the quantity of Cry1Ab proteins in feed and food is restricted (Cocklin 
et al., 2008), the extent of degradation of Cry proteins during ensiling needs to be 
understood. Chowdhury et al. (2003) reported that traces of the Cry1Ab protein 
could still be detected in the bovine gastrointestinal tract.  
The possibility of changes on the structural and chemical composition of maize 
transformed by cry genes from Bt has been of major concern. Masoero et al. 
(1999); Saxena and Stotxky (2001a) and Poerschmann et al. (2005) reported 
elevated concentration of lignin in Bt maize hybrids compared to non-Bt crops. 
An increase in the adoption of transgenic crops is likely to see an increase in the 
use of transgenic crops as feed. Modification of maize by cry genes may affect 
nutrient composition and digestibility of feed (Poerschmann et al., 2005).                                                   
After harvesting grain and herbage for silage, the rest of the residues are left on 
the soil surface or incorporated into the soil surface (Muchaonyerwa and 
Wallade, 2007) where they decompose and form part of organic matter (OM). 
There are conflicting reports in the literature with regards to degradation of Bt 
maize residues in comparison to their near isogenic lines. Whilst Flores et al. 
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(2005) found Bt maize residues to decompose slower than near-isogenic maize, 
Lehman et al. (2008a; 2008b) and Daudu et al. (2009) found no differences in the 
decomposition rates. Degradation of Bt maize and their associated Cry1Ab 
protein in SA soils and climates where they are being grown needs to be 
understood. 
The main objective of this study was to determine expression levels of Cry1Ab in 
maize plant parts and effects of genetic modification of maize (MON810) on soil 
organisms, quality of silage and decomposition of residues remaining in the field. 
 
Objectives 
The specific objectives of the study were; 
i. To determine the expression of the Cry1Ab protein at different stages of 
growth of different parts of transgenic maize 
ii. To examine the effect of a growing transgenic maize crop on the weight 
and number of earthworms compared to its respective near-isogenic line 
iii. To determine the effects of ensiling Bt maize on activity of the Cry1Ab 
protein and quality of silage 
iv. To determine the effects of Bt maize on decomposition of maize residues 
and the Cry1Ab under field conditions  
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Hypothesis 
i. Bt maize affects the activity of earthworms since the Cry proteins 
continuously produce active toxins throughout the plants. 
ii. The quality of Bt maize silages is altered because of unintended structural 
and chemical differences. 
iii. The Cry1Ab protein degrades as ensiling progresses because of the 
activity of fermenting microbes. 
iv. Decomposition of Bt maize residues and the Cry1Ab protein occurs at a 
slower rate than non-Bt maize isolines when residues are either applied 
on the surface or incorporated into the soil. 
 
1.2 LITERATURE REVIEW 
1.2.1 Introduction 
The prospect of an increase in the world population and the consequence on 
food security around the globe particularly in developing countries has been of 
major concern (Pinstrup-Andersen et al., 1999). The current status on food 
security is uncertain and will continually be threatened with the effect of global 
warming and climate change, loss of productive land to other uses and, soil 
erosion and land degradation among other problems (Ehrlich et al., 1993). The 
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need to improve productivity is a pertinent issue in agriculture. The introduction of 
plant biotechnology promises to meet the growing demand for food and fiber as 
the human population continues to escalate (Borlaug, 2000). However, it comes 
with its own challenges just as the green revolution did and these cannot be 
ignored.  
Important developments in agricultural technology have resulted in the insertion 
of foreign genes into the plant genome to improve conventional crop hybrids 
(Ehrlich et al., 1993) which would benefit farmers, agro-processing industry and 
consumers. It would appear that any technologies that increase the productivity 
per unit land would be acceptable. But the increase in the use of transgenic 
crops over the past decade is an interesting biotechnology development that has 
created an important debate pertaining to the safety of their use in agro-
ecosystems and on animal and human health.  
This review deals with issues pertaining to the cultivation of Bt maize, the fate of 
Cry1Ab protein when released into the soil and its repercussion on biodiversity 
with particular interest in earthworms. The chapter also looks at concerns on the 
use of Bt maize as silage and decomposition of residues as affected by possible 
changes in its structural and chemical composition.   
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1.2.2 Use of transgenic crops in agriculture 
The global cultivation of transgenic crops increased to a remarkable 114.3 million 
ha in 2007 from 1.7 million ha in 1996 when they were initially commercialized 
(James, 2007). The global hectarage under herbicide tolerant soybean has 
remained at 58.6 million hectares since 2006.  The global area under biotech 
cotton reached 15 million hectares from 13.4 million hectares in 2006. The global 
area of biotech canola increased from 4.8 million hectares in 2006 to an 
estimated 5.5 million hectares in 2007 (James, 2007). In the same year a total of 
23 countries were growing biotech crops. Genetically modified maize recorded a 
significant 10 million hectare increase from the 25.2 million hectares recorded in 
2006 (James, 2007). This was an increase of 40%, the highest increase of total 
maize area since 1996 and the highest increase of all biotech crops in 2007.The 
major GM producing countries over the years, in the order of total area have 
been the USA, Argentina, Brazil, Canada, India and China. 
South Africa, one of the few countries in Africa where GM crops are commercially 
grown (Aerni, 2005; Vermeulen et al., 2005), ranked eighth on the global scale 
and had a total GM crop hectarage of 1.8 million. Major GM crops grown in South 
Africa include maize, cotton and soybean. According to James (2007), of the 2.8 
million hectares of both yellow and white maize grown in South Africa, 1.6 million 
hectares were under GM maize, an impressive 57%, with a greater part of the 
hectarage dedicated to maize incorporated with Bacillus thuringiensis genes. 
Considering the steady increase in adoption of transgenic crops over the past 
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years, the use of transgenic crops in agriculture is thus expected to increase. 
Pinstrup-Andersen et al. (1999) predicted an increase in the demand for maize in 
developing nations particularly in Southern African countries including South 
Africa where it is a major staple food (Vermeulin et al., 2005).  
 
1.2.3 The role of Bt maize in increased maize production 
Bacillus thuringiensis, a spore forming, ubiquitous gram positive soil bacterium 
has become of profound interest because of its ability to produce insecticidal 
crystal proteins during sporulation conferring protection against agricultural pests 
of the order Lepidoptera, Coleoptera and Diptera (Höfte and Whiteley, 1989; 
Addison, 1993; Schnepf et al., 1998). It has been used as commercial 
formulations for the control of these insect pests. Bacillus thuringiensis can be 
used as an alternative to synthetic pesticides in crop protection (Höfte and 
Whiteley, 1989; Addison, 1993; Schnepf et al., 1998).  
Chemical pesticides have presented problems ranging from pest and disease 
resistance to insecticides, exposure of laborers to harmful and toxic pesticides, 
contamination of water bodies and soils, exposure of consumers of agricultural 
products to residual pesticides, air pollution, and decimation of beneficial non-
target organisms e.g. the monarch butterfly (Ehrlich et al., 1993; Pinstrup-
Andersen et al., 1999 and Bertoni and Marsan, 2005). Commercial formulations 
of Bacillus thuringiensis used as biological insecticides have had their own 
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limitations including limited stability (Höfte and Whiteley, 1989) and low 
remanence in field (Mazier et al., 1997) requiring numerous applications. 
Developments in genetic engineering have offered an opportunity to incorporate 
the cry genes into the plant genome to exhibit active toxins within the plant 
matrix. These are commonly referred to as Bt crops or transgenic plants. 
Transgenic (Bt) crops are increasingly becoming popular for their ability to 
reduce problems associated with synthetic pesticides because they continuously 
produce active toxins within the plants (Saxena et al., 2002). In the case of 
maize, damaging pests like the stem borers are continually exposed to the toxin 
throughout their life cycles (Schnepf et al., 1998) and at stages they are most 
susceptible (Mazier et al., 1997). Unlike Bt formulations, Bt maize may not 
require the pests to possess specific proteolytic enzymes and a high midgut pH 
to solubilize and activate the Cry toxins (Stotzky, 2004).  
According to Cannon (2000), use of transgenic crops reduces application of 
herbicides and insecticides thus reducing production costs and promoting 
environmental safety and farmers have benefited from this (Demont and Tollens, 
2004). Keetch et al. (2005) reported increased yields from Bt maize compared to 
conventional cultivars at six sites in South Africa.  According to Demont and 
Tollens (2004), there were reduced economic losses in maize yield in Spain 
during 1998-2003. The benefits of Bt maize are derived particularly where stem 
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borers are a problem. Demont and Tollens (2004) reported reduced mycotoxins 
in Bt maize compared to conventional hybrids.   
Commonly grown Bt maize hybrids are of transformation events MON810, Bt11 
and 176, these representing different truncated forms of the Cry1Ab protein 
(Nguyen and Jehle, 2007). According to Dutton et al. (2003), there are claims in 
literature that the Cry1Ab proteins are expressed in all tissues all the time, to 
which they disagree. Nguyen and Jehle (2007) reported variation in the 
expression of Cry proteins in neighboring maize plants and between two sites in 
Germany.  
This variation in expression of the Cry1Ab protein in Bt maize and reports that 
pests do not require specific proteolytic enzymes and alkaline midgut to activate 
toxins, have resulted in a debate on the safety of Bt maize on the ecological 
system. The variation in Cry1Ab expression has been attributed to genetic and 
environmental factors therefore, the investigation of concentrations of Cry1Ab in 
different plant parts and growth stages is paramount where non-target are 
concerned. Transgenic (Bt) maize is grown under different environmental 
conditions, which may influence Cry1Ab expression. 
 
1.2.4 Concerns over the use of Bt maize 
Despite the benefits reported to be derived from using Bt maize, there are 
concerns that transgenic crops may pose a hazard to the soil ecosystem, 
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microbial processes and functions (Motavalli et al., 2004; Mungai et al., 2005). 
There are reports that genetic modification of maize by cry genes may result in 
possible unintended effects on plant structure and chemical composition, which 
may have implications on decomposition processes and quality of feed 
(Poerschmann et al., 2005). The safety of Bt maize on non-target organisms has 
been investigated and the fate of Cry1Ab proteins in the soil interrogated. These 
concerns are the subject of discussion in this review. 
 
1.2.4.1 Fate of the Cry1Ab protein in the soil  
Bacillus thuringiensis toxins from transgenic crops are released into the soil 
through a number of ways. Toxins enter the soil through plant residues left on the 
soil surface or incorporated into the soil after harvest (Tapp and Stotzky, 1998) 
and root exudates (Saxena et al., 2002). It has been shown that the toxin is 
released into the soil from root exudates as the crop is growing as evidenced by 
its presence in the rhizosphere (Saxena et al., 2002) when assayed 
immunologically or by larvicidal assay using the larvae of the tobacco hornworm 
Manduca sexta. No differences were found in the exudation of the toxin from the 
roots of Bt maize events Bt11, 176 and MON810 when they were grown in the 
field or plant-growth room. 
Persistence of the Cry proteins in the soil has been extensively studied in 
different soils (Crecchio and Stotzky, 2001; Muchaonyerwa et al., 2004). 
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Muchaonyerwa et al. (2004) reported some persistence of the Cry protein in 
tropical vertisols and this was observed by reference to the mortality of the larvae 
of the diamond back moth, Plutella xylostella of the Lepidoptera family. Tapp and 
Stotzky (1998) used the tobacco hornworm to determine the insecticidal activity 
of purified Bt toxins in soil suspensions. Persistence of the Cry protein has been 
observed from a duration of 4 weeks (Muchaonyerwa et al., 2004), to 234 days 
(Tapp and Stotzky, 1998). It has been shown that the active toxins are free and 
readily accessible for microbial degradation and after that they are rapidly 
adsorbed and firmly bound on clay particles and humic acids (Koskella and 
Stotzky, 1997).  
The binding of the toxins on surface-active particles could be responsible for their 
persistence in the soils. Persistence and the amount of retention of insecticidal 
activity have been found to vary with the type of soil considering the clay 
mineralogy and pH of the soils as evidenced by the reduction insecticidal activity 
in soils containing kaolinite, a predominant clay mineral and low pH (Tapp and 
Stotzky, 1998). Microbial degradation of toxins is expected to be higher in soils 
with a high pH because microbial activity is optimum at approximately pH 7 and 
adsorption of the toxin is at its lowest as pH increases (Tapp and Stotzky, 1998).  
There are concerns that the release of the Cry1Ab in soils, its accumulation and 
persistence may have effect on beneficial non-target organisms. Its persistence 
exposes beneficial non-target soil organisms to the proteins for longer periods 
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and upsetting the ecological system. The exposure of non-target organisms may 
depend on the soils where Bt maize is grown and should be investigated in these 
areas.  
 
1.2.4.2 Impact of Bt maize on biodiversity 
Muchaonyerwa et al. (2004) could not find any effects on microbial biomass 
carbon, bacteria and fungi counts in soils amended with Bt maize residues. This 
was attributed to adsorption of the toxin on clay minerals resulting in 
inaccessibility of the toxin to microbial utilization. Hilbeck et al. (1998) reported 
mortality of the Chrysoperla carnea (lacewing) larvae using artificial diet of the 
Cry1Ab protein. In their study, Saxena and Stotzky (2001b) did not find any 
deleterious effect of the Cry1Ab protein on earthworms, nematodes, protozoa, 
culturable bacteria and fungi though earthworm casts and their guts contained 
the Bt toxin. These observations were similar in rhizosphere soil amended with Bt 
and non-Bt biomass or in planted with Bt and non-Bt plants.  
Liu et al. (2009) did not find any lethal effects on the earthworm Eisenia fetida 
from the Cry1Ac in transgenic cotton after 84 days of exposure. They used 1.52 
and 3.03 times highest Expected Environmental Concentration (33 g of cotton 
leaves /500 g of soil) of exposure of earthworms to transgenic cotton leaves. The 
number of earthworm cocoons was found to be higher in the transgenic cotton 
though there was no significant difference from the non-transgenic line.  
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Ahl Goy et al. (1995); Zwahlen et al. (2003b); Clark and Coats (2006) and 
Vercesi et al. (2006) investigated the effects of Bt maize on different earthworms 
(Lumbricus terrestris, Eisenia fetida and Apporectodea calignosa)  species under 
laboratory conditions and reported that there were no effects on their mortality 
and weight. In a field study conducted by Lang et al. (2006) no effects were 
observed as well.  
Earthworms do not adapt easily to areas lacking in soil and vegetation, deserts, 
mountain ranges and areas under constant snow and ice (Edwards and Bohlen, 
1996).  In South Africa, the common earthworms are the peregrine species of the 
Lumbricidae and these are anthropochorous (Edwards and Bohlen, 1996). Native 
earthworms of South Africa are the endemic species of the Microchaetidae and 
Acanthodrilidae families (Plisko, 1991). Most common species of earthworms in 
the EC is the Proandricus (Plisko, 2010) and the M. microchaetus was first 
reported in the EC (Plisko, 1991). 
Human activities such as removal of indigenous forests are impacting on 
acanthodrilids whilst formation of deserts and lowering of the water table is 
affecting the microchaetids (Edwards and Bohlen, 1996). Earthworms fragment 
large litter components exposing a larger surface area for colonization and 
decomposition by micro-organisms (Haynes, 1986). Organic matter may also be 
incorporated into deeper soil horizons.  
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Beneficial organisms in maize fields should be identified and effects of Cry1Ab 
protein determined. Few studies have looked at the effects of the proteins under 
conditions where Bt maize has been grown over long periods. 
 
1.2.4.3 Use of Bt maize as feed 
Maize is commonly used to feed farm animals in many parts of the world. After 
harvesting the commercially usable portion, which is usually grain, excess 
residues left in the field may be fed to livestock (Crovetto, 2006).  Crovetto (2006) 
suggests baling the straw and treating it with sodium hydroxide or liquid ammonia 
to enhance digestion in animals and ensiling the straw. Maize processed into 
silage forms a significant part of the diet of beef and dairy cattle.  
Maize is increasingly being used to produce silage because of the availability of 
short season varieties (Givens et al., 1995; Murdoch, 1962). The crop is 
harvested early and is less dependent on weather conditions (Givens et al., 
1995; Murdoch, 1962). This is the major reason ensiling is well favoured as a 
feed preservation technique above other techniques such as haymaking. Short 
season varieties are cut and conserved at a stage when they are young and 
nutritious. 
 According to Hunt et al. (1993) popularity of maize hybrids for ensiling has been 
based on grain yield and disease resistance. Hybrids with high total DM per unit 
land have also been preferred. Meeske et al. (2000) suggests that selection of 
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maize hybrids for ensiling should also be based on the production potential of the 
hybrids. Keetch et al. (2005) reported higher yields from Bt maize compared to 
the conventional hybrids due to their resistance to stem borer infections. 
However, Jung and Sheaffer (2004) found no differences in the yield of Bt and 
non-Bt maize and Ma and Subedi (2005) observed similar grain yield of Bt maize 
hybrids and corresponding non-Bt isolines under natural ECB infestation. 
Whole maize crop silage is considered of high feeding value compared to the 
crop herbage. Whole maize plants are ensiled to capture the benefits of cobs,  
which despite a low protein content have a high carbohydrate content and low 
fiber content compared to the rest of the plant and maize cobs are considered to 
have an effect on the feeding value of the silage (Murdoch, 1962). Hunt et al. 
(1993) found significant differences in the nutritive value of two different 
conventional hybrids Pioneer 3377 and 3389 possessing similar grain and total 
plant yield traits. Differences were observed in whole plant and stover fiber 
composition and this influenced the digestibility of the silage.  
Meeske et al. (2000) found differences in the metabolizable energy content, rate 
of digestion, predicted intake and milk production potential of silages from 
different maize hybrids. Jung and Sheaffer (2004) did not find any differences in 
nutrient content and NDF between Bt (MON810 and Bt11) and non-Bt maize 
silages. Folmer et al. (2002) reported that Bt maize (Bt11) silage had no 
influence on the performance of cattle. Following on reports that genetic 
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modification had increased the lignin content of maize, Jung and Sheaffer (2004) 
found inconsistent differences in the lignin content between Bt and non-Bt maize 
silage. 
The existence of the Cry1Ab protein and DNA in Bt maize feed is an issue of 
concern that has been investigated. DNA fragments of 211 bp and 420 bp of the 
cry1Ab gene were detectable throughout the ensiling period (Lutz et al., 2006) 
and 211bp of the cry genes was detected 7 months after ensiling (Hupfer et al., 
1999) using the polymerase chain reaction. The Cry1Ab protein degraded 
significantly during ensiling but persisted after 61 days on ensiling (Lutz et al., 
2006). The Cry1Ab protein further degrades in the bovine rumen (Wiedemann et 
al., 2006) minimizing the chances of absorption of the cry genes into gastro-
intestinal tissues. Few studies have looked at the absorption of Cry1Ab protein in 
the gastro-intestinal tissues. 
 
1.2.4.4 Decomposition of Bt maize residues in the soil 
Plant biomass left in the farm after harvest is usually incorporated into the soil 
(Tapp and Stozky, 1998) or left on the soil surface serving as mulch.  According 
to Zscheischler et al. (1984) cited in Zwahlen et al. (2003b), dry matter of about 6 
tonnes per hectare after harvesting the grain and 2-2.5 tonnes per hectare after 
ensiling is left in agricultural fields. Crovetto (2006) suggests that 2-3 tonnes of 
straw per hectare are enough to nourish the soil and states that excess residues 
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can be problematic to the following crop. He thus recommends feeding the 
excess to livestock but maintaining the necessary quantity.  
Quality of the residues and soil environmental conditions are essential in the 
decomposition of crop residues. A soil that is adequately moist, well aerated, with 
warm temperatures ranging from about 25-35 °C and a near-neutral pH is 
conducive for rapid decomposition (Brady and Weil, 2008). These conditions 
promote microbial activity and proliferation. Plant residues placed on the soil 
surface decompose slower than residues incorporated into the soil because 
incorporated residues are in close contact with the soil moisture and soil 
organisms (Brady and Weil, 2008). Small particle size decomposes faster than 
large pieces of plant material. Small plant material has large surface area 
exposed to decomposition. Decomposer organisms such as earthworms, 
nematodes, protozoa and arthropods are responsible for fragmentation of plant 
residues into small particles that are then acted upon by decomposer micro-
organisms such as fungi, bacteria and actinomycetes.  
Plant constituents play a major role on the rate of decomposition of different plant 
material. Different plant species and tissues vary in the proportion of the 
constituents. The most important plant constituents that influence decomposition 
include lignin, cellulose, hemicelluloses, crude protein, water-soluble compounds 
(Haynes, 1986). High lignin and polyphenol content in residue tissue is known to 
resist degradation and such plants are considered to be of poor quality. Nitrogen 
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and carbon (C) content of the plant also determine the rate of decomposition of 
plant residues. Plants with high C: N ratios often create competition among 
microorganisms for soil available N which may compromise the nutrient status for 
the following crop (Brady and Weil, 2008: Crovetto, 2006). The C: N is known to 
vary among different plant species (Table 1.1). 
 
Table 1.1: Carbon nitrogen ratio of some organic material. (Crovetto, 2006) 
Type of organic material C: N 
Sawdust-shaving (long fiber) 700: 1 
Wheat, oats or barley straw 80: 1 
Sorghum stalk 70: 1 
Corn stalk 50: 1 
Bean straw  35: 1 
Normal Soil  10: 1 
 
 
There have been conflicting findings in the residue composition and 
decomposition of maize residues. Saxena and Stotzky (2001a) and Daudu et al. 
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(2009) reported elevated lignin content in Bt maize residues which could slow 
their decomposition. Daudu et al. (2009) also reported higher total polyphenols 
and lower C: N ratio of Bt maize residues compared to the near isolines. 
However, Tarkalson et al. (2008) did not find any differences in the lignin content 
between Bt and non-Bt maize.  
No differences were found in the decomposition of residues between Bt and non-
Bt maize residues (Lehman et al., 2008a; 2008b; Tarkalson et al., 2008; Daudu 
et al., 2009). Flores et al. (2005) reported a slower decomposition rate of Bt 
maize than the isogenic lines probably influenced by higher lignin observed in the 
residues. It is crucial to investigate the structural and compositional quality of 
introduced Bt maize hybrids to determine the extent to which decomposition may 
be compromised by any possible alterations.  
 
 
 
 
 
 
 
21 
 
CHAPTER 2 
EXPRESSION OF THE CRY1AB PROTEIN IN TRANSGENIC MAIZE 
(MON810) AND EFFECT OF THE CROP ON EARTHWORM BIOMASS 
 
2.1 ABSTRACT 
Concerns over the exposure of non-target organisms to Cry1Ab proteins 
prompted studies into impacts of Bt maize on soil organisms. Studies have been 
carried out to determine the effects of Bt maize on earthworms but most of them 
were conducted under controlled environments. The objective of this study was 
to investigate the effects of Cry1Ab protein on the numbers and weight of locally 
adapted earthworms under field conditions. A field study was established with 
four maize treatments (DKC61-25B, DKC61-24, PAN6Q-321B and PAN6777) 
replicated three times. The concentrations of Cry1Ab protein in leaves, stems 
and roots during growth of maize were determined at 6, 8, 10 and 12 weeks after 
planting (WAP) for relating with the numbers and biomass of earthworms. 
Earthworms were sampled by digging up the soil over a 1 m2 area in each plot, 
each sampling time at 6, 9 and 18 WAP and were counted and weighed. No 
differences in the expression of Cry1Ab protein were observed in leaves, stems 
and roots during the sampling times. Significant differences in the earthworm 
counts were observed for DKC treatments at 6 and 9 WAP. At 18 WAP counts 
were similar for all treatments. PAN treatments were similar throughout.  The 
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biomass corresponded to the counts at 9 WAP. It was concluded that Bt maize 
had no effects on the numbers and biomass of earthworms. 
Keywords: Bt maize, Cry1Ab expression, leaves, root exudates, stems, 
transformation event  
  
2.2 INTRODUCTION 
Production of genetically modified (GM) soybean, cotton and maize, has rapidly 
increased in the past few years in South Africa. In 2007 GM maize accounted for 
57% of the maize produced (James, 2007). This increase has led to concerns on 
effects of these crops on non-target organisms. Expression levels of the Bt 
protein in maize plant will determine the exposure of non-target organisms to the 
insecticidal proteins. It has been shown that transformation events may produce 
Cry proteins in certain parts of plants and that other parts produce more of the 
protein than others (Dutton et al., 2003). 
Expression levels of Cry1Ab proteins could be affected by biophysical factors in a 
locality (Lorch and Then, 2007). It is therefore essential to understand expression 
levels of the Cry1Ab protein in roots, stems and leaves of Bt maize (MON810) 
during the growing season in order to understand levels of proteins to which 
some non-target organisms could be exposed. It is hypothesized that the quantity 
of Cry1Ab protein released from a growing crop into the soil depends on the 
expression of the protein, which may vary with growth stages of the maize crop. 
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It is widely accepted that toxicity of Cry proteins is specific to a range of hosts 
(Addison, 1993; Sims and Holden, 1996). Whilst the Cry1 and Cry2B proteins are 
specific to Lepidoptera, Cry3 are specific to Coleoptera and Cry4 to Diptera 
(Addison, 1993; Stotzky, 2004). Griffiths et al. (2007) reported minimum non-
persistent, site specific effects of Bt maize (MON810), such as fewer nematodes, 
more protozoa and fewer amoeba. Saxena and Stotzky (2001b) reported that 
there were no effects of transgenic maize on soil bacteria, fungi, earthworms and 
nematodes. However, in their review Icoz and Stotzky (2008) reported that 
mycorhizal fungi, nitrifying and nitrogen fixing bacteria and nematodes were 
susceptible to the Cry1Ab protein in Bt maize. 
Zwahlen et al. (2003a) observed that whilst there were no lethal effects on 
earthworms, their growth was significantly reduced after a prolonged exposure to 
the Bt maize residues containing the protein. This then puts to doubt the 
specificity of the Cry proteins, necessitating further investigations.  
Earthworms aid in the fragmentation of plant residues, decomposition and 
mineralization of organic substances in agro-ecosystems (Liu et al., 2009) and 
influence nutrient cycling and soil structure (Edward and Bohlen, 1996). 
Association with Bt maize root exudates and Bt maize residues in cultivated 
lands expose earthworms to any possible effects of Cry1Ab proteins and 
changes in chemical composition of the residues. 
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Several studies have been conducted to determine the effects of the Cry1Ab 
protein on earthworms. Ahl Goy et al. (1995); Saxena and Stotzky (2001b); 
Zwahlen et al. (2003a); Clark and Coats (2006) and Vercesi et al. (2006) 
conducted their work on earthworms under laboratory conditions with controlled 
temperature and moisture and this does not reflect conditions in the field where 
temperature and moisture fluctuations might influence the activity of the Bt toxin. 
Few of these studies looked at the effects of the Cry1Ab protein from a growing 
maize crop on earthworms (Lang et al., 2006). 
Whereas Saxena and Stozky (2001b) reported no effects after 45 days, Zwahlen 
et al. (2003a) reported reduced earthworm (Lumbricus terrestris) growth after 
200 days of exposure to Bt maize residues. Differences in their findings could be 
related to differences in length of exposure of earthworms to Bt maize. 
Earthworm species of Microchaetidae and Acanthodrilidae, and others, native to 
South Africa face extinction due to human activities (Edwards and Bohlen, 1996). 
Cultivation of Bt maize could further compromise their survival in agricultural 
lands in SA. It would be necessary for risk assessment purposes to determine 
whether Bt maize and its Cry1Ab protein could affect local earthworms, 
particularly in the Eastern Cape, the only place known in Southern Africa where 
the African giant earthworm (Microchaetus microchaetus) occurs.   
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Objectives 
The general objective of this study was to determine the expression of the 
Cry1Ab protein in leaves, stems and roots of Bt maize and effects on numbers 
and biomass of locally adapted earthworms. The specific objectives were: 
(i) To determine the concentration of the Cry1Ab protein in leaves, stems and 
roots of Bt maize (MON810) during growth; 
(ii) To determine the effects of a growing Bt maize crop on the weight, number 
and casts (activity) of locally adapted earthworms. 
 
Hypothesis 
(i) The concentration of Cry1Ab protein in leaves, stems and roots is high during 
active growth;  
(ii) Earthworms are not affected by plant and root exudates of a growing Bt 
maize crop. 
 
2.3 MATERIALS AND METHODS 
2.3.1 Study Site 
The study was conducted at the University of Fort Hare Research Farm located 
(32° 47' "S; 26° 50' "E) at 508 m above sea level. The site experiences a 
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semi-arid climate; receiving a mean annual rainfall of 575 mm and a mean 
annual temperature of 18.1°C (Van Averbeke and Marais, 1991).  The soil is 
classified as Caledon family of the Oakleaf form according to the South African 
classification system (Soil Classification Working Group, 1991), with the following 
properties; 48.2 % sand, 38.2 % silt, 13.6 % clay, 0.84 % organic carbon and pH 
6.2 (water). The soil contains high mica and low kaolinite, hematite and quartz 
(Mandiringana et al., 2005).  
 
2.3.2 Production of experimental maize material 
The field was previously cropped with maize and potatoes over the last seven 
years. Prior to planting the field was bush cut, harrowed and then ploughed using 
tractor-drawn implements. The experiment was established as a randomized 
complete block design (RCBD) with four treatments (maize hybrids) and three 
replications. The treatments were two Bt maize varieties genetically modified with 
the cry1Ab gene (event MON810), PAN6Q-321B (a white hybrid) and DKC61-
25B (a yellow hybrid), and their isolines PAN6777 and DKC61-24, respectively. 
The maize hybrids were planted on 18th December, 2009 at 0.27 m in-row and 
0.90 m inter-row spacing. The plot size was 12 m × 7.2 m and the distance 
between plots was 1 m and replicates were separated by a distance of 2 m.  
Planting stations were holes made with hoes and six maize seeds were placed 
per planting station to cater for damage by birds. Basal fertilizer (2:3:2 (22)); 
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N:P:K was applied at a rate of 25 kg N ha-1. The field was irrigated to facilitate 
seed germination immediately after planting. Thinning to two seedlings per 
station was done after three weeks. Topdressing with LAN (28 % N) was done at 
the rate of 50 kg N ha-1 at six weeks after planting. Weed control was done 
whenever there was need, using Basagran® (bentazon) and Atrazine® at 2 L  
ha-1 applied post emergence for sledges and broad leaves. Bulldock 050EC was 
applied at a rate of 150 ml ha-1 in all treatments at 12 weeks after planting to 
control stem borers. Supplementary irrigation was applied when required using a 
sprinkler system.  
 
2.3.3 Sampling for expression levels 
Whole plants from all the treatments were uprooted at 6, 8, 10 and 12 weeks 
after planting. The roots were washed with clean water to remove soil. The plant 
parts were separated into roots, stems and leaves, oven-dried at 45°C to 
constant weight and ground to <2mm sieve and stored in zip-lock bags before 
analysis of the activity of the Cry1Ab protein. 
 
2.3.4 Sampling for earthworms  
Sampling for earthworms was done after receiving a significant amount of rainfall 
as these earthworms tend to move deeper into the soil when it is very dry and 
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close to the surface under moist conditions. Sampling was done at six, nine and 
eighteen weeks after planting. A randomly selected sampling area 1m2 per plot 
was used at each sampling time. A 1 m2 quadrant was randomly placed in each 
plot and earthworms were sampled by excavating the soil to a depth of 50cm, 
hand-sorting and counting (Edward and Bohlen, 1996). The earthworms were 
washed with clean water to remove soil and weighed. The weights were 
measured at 9 and 18 WAP. Samples of the earthworms were sent to an 
earthworm taxonomist for classification. Earthworm casts were collected from 3 × 
1 m2 areas in each of the treatments at the end of the growing season just before 
the final harvest and weighed.  
 
2.3.5 Analysis of Cry1Ab in plant materials 
The expression of the Cry1Ab protein was quantified using a commercially 
available enzyme-linked immunosorbent assay (ELISA) (Bt-Cry1Ab/1Ac ELISA 
protein, Agdia, Elkhart, IN). A gram of ground sample material was added to 10 
ml PBST-buffer, a ratio of 1:10 (w/v), provided in the kit and centrifuged for 5 
minutes at 5000 rpm. One hundred microlitres of the supernatant was transferred 
to the antibody-coated microplates and used in the assay as per the instructions 
of the supplier. Determination of the quantity of the Cry1Ab was done using an 
RT-2100C microplate reader (Rayto Life And Analytical Science Co., Ltd) at a 
wavelength of 450 nm. A linear curve was created from the negative and positive 
29 
 
control at concentrations 0, 2.5, 5, 10 and 20 ng Cry1Ab proteins for calibration 
purposes.  
 
2.3.6 Data analysis 
Data analysis for the earthworm counts, biomass and activity was processed 
using Microsoft Excel spreadsheet. Concentrations of the Cry1Ab in the various 
parts of the maize plants were analyzed using the GenStat Release 7.22 DE 
statistical package (Lawes Agricultural Trust, 2008). The data were subjected to 
Analysis of Variance (ANOVA) and the least significant difference (LSD) at p = 
0.05 was used for separation of means. 
 
2.4 RESULTS 
 
2.4.1 Expression of the Cry1Ab protein in leaves, stems and root 
There were no interactions among date, variety and plant part (leaves, stems and 
roots) but there were differences on the date and the variety. The Cry1Ab 
concentrations increased at 8 WAP and then dropped from 10 WAP (Fig 2.1). 
There were significant differences with the levels of the Cry1Ab protein as 
follows, leaves>stems>roots (Fig 2.2). 
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Figure 2.1: Concentration of Cry1Ab protein in plant parts (leaves, stems and 
roots) over time. Error bar represents the LSD at p = 0.05. 
2.4.2 Earthworm counts 
Earthworm numbers at six weeks after planting (WAP) showed no significant 
differences (p<0.05) among treatments DKC61-25B, PAN6Q-321B and 
PAN6777, which had fewer worms than the DKC61-24 treatment (Table 2.1). At 
9 WAP the DKC61-25B treatment had a greater earthworm count than the non-Bt 
maize treatments. No significant differences were observed among the 
treatments at the end of the experiment (18 WAP). The PAN6Q-321B and its 
isoline PAN6777 were statistically similar throughout the experiment. There was 
no consistent increase or decrease in earthworm numbers in all the treatments.  
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Figure 2.2: Concentration of the Cry1Ab protein in leaves, stems and roots. Error 
bar represents the least significant difference (LSD) at p = 0.05. 
2.4.3 Earthworm biomass 
At 9 WAP, DKC61-25B had significantly higher earthworm biomass than the non-
Bt maize lines, DKC61-24 and PAN6777 (Table 2.2). This trend was similar to 
that of earthworm counts for the same period. At 18 WAP, the PAN6777 had a 
lower worm biomass than the Bt maize treatments. The DKC61-24 treatment had 
smaller worms, (g worm-1) than the Bt maize treatments. At 18 WAP the average 
mass worm-1 was similar for all the treatments. Worm biomass of PAN treatments 
was also comparable throughout the experiment but DKC varieties were only 
comparable at 18 WAP.  
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Table 2.1: Earthworm counts in soil grown with Bt maize cultivars and their near-
isogenic lines 
Treatment Earthworm number (counts m-2) 
 6 WAP 9 WAP 18 WAP 
DKC61-25B* 21.8a 29.3b 27.7a 
DKC61-24 45.8b 18.7a 28.7a 
PAN6Q-321B* 28.0a  24.3ab 27.0a 
PAN6777 21.7a 15.0a 24.3a 
LSD (p = 0.05) 12.94 9.92 12.94 
*  Bt maize cultivars 
 
Table 2.2: Earthworm biomass in soil grown with Bt maize cultivars and their 
near-isogenic lines 
Treatment Worm biomass (g m-2) Average worm mass (g worm-1) 
 9 WAP 18WAP 9 WAP 18WAP 
DKC61-25B 42.8b 39.4b 1.32b 1.53a 
DKC61-24 16.3a 42.4b 0.75a 1.53a 
PAN6Q-321B 32.7ab 33.3ab 1.32b 1.27a 
PAN6777 16.6a 24.9a 1.06ab 1.04a 
LSD (p = 0.05) 22.62 9.92 0.559 0.905 
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2.4.4 Earthworm Casts 
Earthworm activity as shown by the amount of casts at the end of the season 
was higher in the DKC61-24 treatments than the others (Table 2.3).  
 
Table 2.3: Earthworm activity in soil grown with Bt maize cultivars and their near-
isogenic lines 
Treatment Earthworm activity (casts m-2) 
DKC61-25B 21.8a 
DKC61-24 45.8b 
PAN6Q-321B 28.0a 
PAN6777 21.7a 
LSD (p = 0.05) 12.94 
 
 
2.5 DISCUSSION 
Earthworm populations in different habitats have been found to be relatively 
variable ranging up to 2000 worms m-1 (Edward and Bohlen, 1996). The findings 
at 6 WAP (42 days) differ from the findings of Saxena and Stotzky (2001b) who 
observed no significant differences in the mortality and biomass of earthworms 
(L. terrestris) exposed to biomass and root exudates of Bt and non-Bt maize in 
34 
 
experiments lasting 40-45 days. Identification of earthworms at the end of the 
experiment showed that they were Proandricus spp (Plisko, J.D., Natal Museum, 
personal communication). The effects of genetic modification were not consistent 
for both pairs of Bt and non-Bt maize hybrids.  
Similarity of earthworm numbers, biomass and average worm mass and activity 
between the PAN cultivars (PAN6Q-321B and PAN6777) agree with findings of 
Saxena and Stozky (2001b) and Zwahlen et al. (2003a) who reported no effects 
of Bt maize on earthworm numbers (no mortality), when the worms were 
exposed to residues of Bt maize with the Cry1Ab protein. In this case, genetic 
modification did not affect earthworms. This could be a result of low 
concentrations of Cry1Ab in the roots and root exudates of PAN6Q-321B and 
DKC61-25B, which were similar. The concentration of Cry1Ab in the leaves and 
stems were also similar for PAN6Q and DKC61-25B but higher than in roots. 
There was a drop at 10 WAP with an increase at 12 WAP which could not be 
explained. When maize silage is harvested at about 12 WAP, the concentration 
of the Cry1Ab proteins in the leaves and stems at that time is expected to be 
present in the silage. 
Differences between DKC cultivars (DKC61-25B and DKC61-24) appear to 
suggest an effect of genetic modification which is evident during stages of active 
growth. The lower numbers at 6 WAP and higher numbers at 9 WAP in the 
DKC61-25B cultivar suggest that genetic modification could have resulted in 
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delayed production of exudates, rich in nutrients for earthworms, into the 
rhizosphere of the maize.  
Whilst the mortality of earthworms in this study could not be ascertained because 
of the nature of the experiment, the number of earthworms among all the 
treatments was statistically similar at 18 WAP. At 18 WAP the root system had 
become inactive in terms of exudation, the maize had senesced and the 
earthworm numbers, biomass and average worm mass were not affected by any 
of the treatments. These findings suggest that the earthworms fed on 
biochemical compounds in the rhizosphere and depending on the quantities and 
chemical composition they were either not affected or promoted.  
Zwahlen et al. (2003a) observed significant loss in the weight of earthworms fed 
on Bt maize after 200 days (comparable to 18 WAP) compared to earthworms 
fed on non-Bt maize. Whilst L. terrestris fed Bt maize lost about 18.3 % of their 
initial weight their counterparts fed with non-Bt material gained about 4.4 % of 
their initial weight. They could not substantiate the cause to this finding hence 
their suggestion for further investigations in this area. Where the DKC Bt maize 
had lower earthworm numbers (6 WAP) it was similar to the two PAN varieties, 
suggesting that the initial drawback was not out of the ordinary.  
Presence of casts is a useful index of estimating activity of earthworm and a 
parameter for approximating earthworm populations (Edward and Bohlen, 1996). 
The amounts of casts were determined at the end of the season. Higher 
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quantities of casts in the DKC61-24 could have been produced within 6 WAP 
when the earthworm numbers in that treatment was 1.6-2 times that of the other 
treatments. 
 
2.6 CONCLUSION 
There are differences in the concentration of the Cry1Ab protein in leaves, stems 
and roots during the active growth period of Bt maize (MON810) varieties. 
Growing Bt maize (MON810) would not have negative effects on locally adapted 
earthworm population, biomass and activity in the Central Eastern Cape of South 
Africa. The effect of genetic modification is non-persistent at the end of the 
growing period. However depending on the genetic make-up of the parent, 
genetic modification could result in a delay in producing root exudates during the 
active growing period of the maize.  Further studies should focus on populations, 
biomass and activity of earthworms where Bt maize has been grown for 5-15 
years particularly in the Maize Triangle of South Africa. 
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CHAPTER 3 
EFFECTS OF ENSILING OF BT MAIZE (MON810) ON DEGRADATION OF 
THE CRY1AB PROTEIN AND COMPOSITIONAL QUALITY OF SILAGE 
 
3.1 ABSTRACT 
The existence of cry genes in maize feed may result in unintended alterations to 
the compositional quality of silage made from Bt maize. The presence of cry 
proteins in feed made from Bt crops may interfere with gut microbes in the 
animals digestive system. The study sought to investigate degradation of Cry1Ab 
protein during ensiling and to assess its influence on compositional quality of 
silage. Two field studies were conducted at the University of Fort Hare in 2008/09 
and 2009/10. The 2008/09 experiment had two treatments; DKC80-12B (Bt 
maize) and DKC80-10 (near-isogenic line). The 2009/10 had four treatments; 
DKC61-25B and PAN6Q-321B both Bt maize hybrids and their near-isolines 
DKC61-24 and PAN6777, respectively. The maize hybrids were harvested at the 
three-quarter milk stage and ensiled for 42 days. Samples of the pre-ensiled 
whole maize plant material and the silages were analyzed for AFDM, Cry1Ab 
protein, CF, NDF, ADF, ADL and CP and TDN. The Cry1Ab protein persisted in 
the 2008/09 experiment whereas it significantly decreased in the 2009/10 
experiment. Transgenic (Bt) maize had higher NDF and ADF than its isolines in 
the 2008/09 experiment. Neutral detergent fiber, ADF, ADL and CP were neither 
influenced by ensiling nor variety in the 2009/10 experiment. It was concluded 
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that ensiling did not degrade the Cry1Ab protein to insignificant quantities during 
ensiling but there were no differences in the quality of silage among Bt and non-
Bt maize silages.  
Keywords: Bt maize, compositional quality, Cry1Ab protein, ensiling, maize 
silage 
 
3.2 INTRODUCTION 
Maize silage constitutes an important part of the diet of beef and dairy cattle in 
South Africa (Meeske et al., 2000). According to Vermeulen et al. (2005), white 
maize has widely been used for human consumption whereas yellow maize is 
utilized as animal feed in South Africa. An increase in the cultivation of transgenic 
maize will increase its use as human food and animal feed. The incorporation of 
the Bacillus thuringiensis gene in crop plants is a matter of public debate as a 
result of public concern over human, animal and environmental health. Some of 
the concerns given by Bertoni and Marsan (2005) include possible unpredicted 
gene interaction, allergenicity, transgene transmission into animals fed with GM 
feed and toxicity of gene products, which may impact adversely on performance 
of animals.  
Most Southern African states rely on European markets to trade their products 
(Zerbe, 2004). The European Union (EU) has implemented regulations on the 
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use of genetically modified organisms (GMO), which could threaten trade with 
African countries that use GM crops for their numerous advantages. For 
example, the 1% acceptable threshold level of GMO for labeling used by the EU 
(Saeglitz and Bartsch, 2003) could have implications on using Bt maize as 
animal feed.  The degradation of the Cry proteins in animal feed is therefore 
fundamental where potential detectability of the Cry proteins or cry genes in the 
rumen of animals or their products may be anticipated. Silage making involving 
fermentation processes could be useful in reducing activity of the Cry1Ab protein 
in maize plant material used as animal feed.  
It was found that Bt maize (MON810) contains 285.5 ng g-1 and 297.6 ng g-1 Cry 
proteins in stems and leaves, respectively at 12 weeks (Chapter 2), which 
coincides with the average time when maize is harvested for silage making. After 
61 days of ensiling the Cry1Ab protein could still be detected in silage from Bt 
maize with the transformation event 176 (Lutz et al., 2006). It is, therefore, 
important to understand the levels of the Cry1Ab protein in silage made from Bt 
maize with the MON810 transformation event, which is commonly grown in South 
Africa.  
During feed processing the Cry1Ab protein undergoes biochemical processes 
therefore some degradation is to be expected (Hupfer et al., 1999). Mechanical 
disruption of cell walls and membranes during chopping, microbial activity, 
anaerobic fermentation process and the subsequent low pH during ensiling have 
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been associated with degradation of the Bt maize-specific DNA and Cry1Ab 
protein (Hupfer et al., 1999; Lutz et al., 2006). Breakdown of the Cry1Ab protein 
could minimize absorption of intact protein in the gastrointestinal tract of animals 
and detection of the cry proteins in animal products.  
In addition to concerns of contents of Cry1Ab in feed, Bt maize has also been 
reported to have high lignin content which could affect digestibility of the feed. 
Total lignin content was found to be 33-97 % more than the isoline (Saxena and 
Stotzky, 2001a). However, other workers have reported contrasting results. 
Tarkalson et al. (2007) did not find any significant differences in the lignin content 
while Jung and Sheaffer (2004) did not find any consistent trend in the lignin 
content of Bt and non-Bt isolines in maize silage. Folmer et al. (2002), on the 
other hand, reported slight differences in the lignin content of Bt maize silage 
compared to its near isoline.  
 Aulrich et al. (2001) could not detect any significant differences in the quality of 
silages from Bt maize and the respective isolines. In their study Barrière et al. 
(2001) concluded that there were no significant differences in the feeding value 
between Bt maize (Bt 176) silage and its isogenic counterpart. Differences 
observed among different studies with regards to nutritive value of silages may 
be attributed to cultivar differences. For risk assessment, studies in different 
localities, locally cultivated transgenic maize should be investigated for any 
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potential effects on nutritional value of silage relative to their non transgenic 
isolines.  
 
Objectives 
The general objective of this study was to determine the effects of ensiling Bt 
maize on the degradation of the Cry1Ab protein and compositional quality of the 
resulting silage. The specific objectives were: 
(i) To determine the effects of ensiling Bt maize on activity of the Cry1Ab protein; 
(ii) To investigate the effect of Bt maize on chemical composition of silage. 
 
Hypothesis 
(i) Activity of the Cry1Ab protein decreases during ensiling;  
(ii) Modification of maize plant with Bacillus thuringiensis results in changes in 
compositional quality of silages. 
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3.3 MATERIALS AND METHODS 
This study was carried out using Bt maize cultivars and their near-isogenic lines 
produced at the University of Fort Hare Research Farm in 2008/2009 and 
2009/2010 seasons. 
 
3.3.1 Production of experimental maize material for the 2008/09 and 2009/10 
experiments 
In 2008/09 a commercially available Bt maize and its near-isogenic line were 
grown under field conditions at the University of Fort Hare Research Farm in 
Alice. The study site was described in Chapter 2 section 2.3.1. Roundup was 
applied in all plots two weeks before planting. Each hybrid was planted, in 6 m × 
18 m plots, on 8th February, 2008 at 40 000 plants ha-1. The inter-row and in-row 
spacing were 0.9 m and 0.27 m, respectively. The treatments were DKC80-12B 
and DKC80-10 replicated three times in an RCBD.  
The hybrids were planted on adjoining plots under similar agronomic conditions. 
Fertilizer (2:3:4 (30)) (N: P: K) was applied at planting at 25 kg N ha-1. Lime 
Ammonium Nitrate (28 % N) was applied at six weeks after planting at 50 kg N 
ha-1. The three plots were weeded at six weeks after planting. Supplementary 
irrigation was applied when required.  
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In the 2009/10 season a second field study was set up at the University of Fort 
Hare Research Farm. The production of maize material was as described in 
Chapter 2. The treatments were two Bt maize varieties genetically modified with 
the cry1Ab gene (event MON810), PAN6Q-321B (a white hybrid) and DKC61-
25B (a yellow hybrid), and their isolines PAN6777 and DKC61-24, respectively 
replicated three times. At the three-quarter milk-line stage, which was at about 30 
% dry matter (DM), samples of the three maize hybrids were harvested. Whole-
maize plants were cut at 30 cm from the ground to avoid harvesting the more 
fibrous part of the plant. 
 
3.3.2 Silage making 
The plant materials were chopped manually to <10 mm using cane knives 
(2008/09) and Viking GE 103 shredder (2009/10). A representative sample of 
about 700 g was ensiled in 1 L glass jars used as mini-silos. The material was 
compacted and consolidated leaving no headspace and sealed with lids that did 
not allow exchange of gases. There were three replicates per treatment for each 
of the sampling intervals to allow for destructive sampling. The jars were stored 
at 24-28 °C in the dark (Filya, 2004). Destructive sampling was done for fresh 
non-ensiled material and after 2, 4, 8, 15 and 42 days of ensiling. For the 
2009/10 materials destructive samples were collected before ensiling and after 8 
and 42 days of ensiling. The samples were stored at -18 °C for chemical 
44 
 
analysis. The samples were then oven-dried at 45 °C and ground to pass through 
a 2 mm sieve and stored in zip-lock bags. 
 
3.3.3 Chemical Analysis 
The samples were then tested for ash-free dry matter (AFDM), Cry1Ab protein, 
crude fiber (CF), neutral detergent fiber (NDF), acid detergent fiber (ADF), acid 
detergent lignin (ADL), crude protein (CP) and TDN. Crude fiber and TDN were 
not analyzed for the 2009/10 experiment. 
 
Ash free dry matter 
Samples were analyzed for ash-free dry matter (AFDM) and Cry1Ab protein.  
Ash-free dry matter was determined using the method of Okalebo et al. (2002). 
Five grams of each sample was weighed into crucibles of known mass, which 
were then placed in a muffle furnace and heated to 550 °C for eight hours. The 
crucibles were removed from the muffle furnace, cooled in a dessicator and 
weighed. The percentage ash was calculated as; 
Ash (%) = [(W3 – W1)/ (W2 – W1)] × 100; 
Where W1 = weight of the empty dry crucible; W2 = weight of crucible containing 
the sample; W3 = weight of the crucible containing the sample after ignition. 
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Percent ash free dry matter then calculated as; 
AFDM (%) = 100 – ash (%) 
 
Activity of Cry1Ab protein 
The concentration levels of the Cry protein in the maize silage were determined 
using the ELISA technique as described in Chapter 2. The concentration of the 
silage was determined for every sampling period to find out if the Cry1Ab protein 
existed throughout the ensiling period. 
 
Crude fiber 
Crude fiber was analyzed using the Filter Bag Technique (ANKOM200) as 
described in the AOAC (1984). Each sample (1 g) was placed into filter bags 
which were sealed with a hot sealer. A bag without sample was also sealed and 
included in the analysis to determine blank bag correction. These were soaked in 
petroleum ether for 10 minutes to extract fat from samples. The samples were 
then analyzed for fiber. A maximum of 24 bags were placed into a bag suspender 
and trays with the bags were stacked and placed in an Ankom fiber analyzer. 
Two thousand milliliters of 0.255N H2SO4 acid solution was poured to the fiber 
analyzer vessel during the processing of 24 sample bags. After agitating samples 
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were extracted for 40 minutes, rinsed with 1900 mL of hot water (50-85 °C), 
agitated again for 5 minutes and rinsed again.  
Two thousand milliliters of 0.313N NaOH base solution was poured for 
processing of 24 sample bags. The same procedure as after processing with the 
0.255N H2SO4 acid solution was repeated.  After rinsing was finished samples 
were placed in a 250 mL beaker and soaked for 5 minutes in acetone. They were 
air-dried before oven-drying at about 102 °C for 2 hours. The bags were placed 
in a collapsible dessicant pouch and flattened to remove air. The bags were then 
ashed at 600 oC for 2 hours and cooled in a dessicator. The percent (%) CF was 
then calculated using the following formula; 
% Crude Fiber= 100 × (W3-(W1 x C1)) ÷ W2  
Where: W1= Initial weight of the filter;             W2= Sample weight 
             W3= Weight of Organic Matter (weight loss on ignition of bag and fiber) 
             C1= Ash corrected blank bag factor (Loss of weight on ignition of blank 
bag divided by original blank bag) 
 
Neutral detergent fiber, acid detergent fiber and acid detergent lignin 
Neutral detergent fiber, ADF and ADL were determined using the Filter Bag 
Technique (ANKOM200) described by Van Soest (1967). Acid detergent fiber and 
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NDF were determined as described for CF with a few exceptions. To determine 
NDF 0.55 g of each sample was placed in filter bags and neutral detergent 
solution was used to digest the samples. The neutral detergent solution was 
prepared by adding 30.0 g sodium lauryl sulfate, 18.61 g Ethylenediamine-
tetraacetic disodium salt, 6.81 g sodium tetraborate decahydrate, 4.56 g sodium 
phosphate dibasic and 10.0 ml triethylene glycol in 1L distilled H2O. Four 
milliliters of alpha-amylase was added to the first and second rinses after which 
the bags were rinsed three times with hot water and samples were placed in 
acetone to remove the colour. After removing from acetone the sample bags 
were oven-dried, cooled and weighed. Digestion for ADF was performed using 1 
L 1.00N H2SO4 and cetyl trimethlammonium bromide (CTAB). The calculation for 
% NDF and % ADF was similar to the calculation of % CF, using the following 
equation; 
% NDF and % ADF = 100 × (W3-(W1 x C1)) ÷ W2  
Where: W1= Initial weight of the filter;           W2= Sample weight 
             W3= Dried weight of bag with fiber after extraction process 
             C1= Blank bag correction (Final oven-dried weight divided by the original 
blank bag weight) 
Analysis of ADL was performed by weighing 0.5 g of the sample into filter bags. 
ADF was determined for the samples and the dried bags were placed into 3L 
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beakers and kept immersed in 72 % H2SO4. The bags were then agitated at start 
and at 30 minute intervals. After 3 hours the samples were rinsed with tap water 
to remove all the acid and then with acetone for 3 minutes to remove the water. 
They were oven-dried at 105 °C for 2 hours, cooled and the bags were ashed at 
525 °C for 3 hours. ADL was calculated as follows; 
ADL = 100 × (W3-(W1 x C1)) ÷ W2 
Where: W1= Initial weight of the filter  
             W2= Sample weight 
             W3= Weight after extraction process 
             C1= Blank bag correction (Final oven-dried weight divided by the original  
                    blank bag weight) 
 
Crude Protein  
The LECO Truspec Nitrogen Analyzer was used to analyze CP in feed using the 
Dumas Combustion method (AOAC Official Method 990.03). Samples of 0.25g 
were weighed into veggies caps and dropped into the auto-sampler tray. The 
weights of the samples were typed into the computer matching the correct 
samples. At the beginning of each run two blanks and three pure primary 
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standards were included. After running samples the results were displayed on 
the computer as % CP on a dry matter basis. 
 
3.3.4 Statistical Analysis 
Data were analyzed using GenStat Release 7.22 DE (Lawes Agricultural Trust, 
2008). Analysis of variance (ANOVA) using the f-test was applied to test 
statistical differences at 5 % level (p = 0.05). The data were subjected to two-way 
ANOVA (variety and ensiling time) and separation of means was done using the 
LSD at p = 0.05.  
 
3.4 RESULTS 
3.4.1 Ash free dry matter, Cry1Ab protein and silage quality parameters for 
the 2008/09 plant materials 
The probabilities of AFDM, Cry1Ab and quality parameters of silage are shown in 
Table 3.1. Dry matter based on percent ash was dependent on variety and 
ensiling. DKC80-12B silage had lower AFDM compared to DKC80-10 (Fig 3.1). 
Ensiling had an effect on AFDM but it was not consistent over time. There was 
an interaction effect between ensiling and variety. There was no consistent 
degradation of Cry proteins during the ensiling period (Table 3.2).  
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Table 3.1: F – probabilities for AFDM, Cry1Ab protein and quality parameters of 
maize silages 
Source of 
Variation  
AFDM 
(%)  
Cry1Ab  
(ng g-1) 
CF  
(%) 
NDF 
(%) 
ADF 
(%) 
ADL 
(%) 
CP  
(%) 
TDN 
(%) 
2008/09 silage experiment 
Ensiling (E) 0.001* 0.734ns 0.063ns 0.001* 0.001* 0.001* 0.070ns 0.057ns 
Variety (V) 0.001* ** 0.054ns 0.001* 0.023* 0.136ns 0.246ns 0.059ns 
E × V 0.001* ** 0.696ns 0.085ns 0.771ns 0.067ns 0.913ns 0.716ns 
2009/10 silage experiment 
Ensiling (E) 0.092ns 0.001* ND 0.081ns 0.691ns 0.672ns 0.074ns ND 
Variety (V) 0.025ns 0.027* ND 0.480ns 0.254ns 0.087ns 0.107ns ND 
E × V 0.575ns 0.019* ND 0.068ns 0.250ns 0.096ns 0.441ns ND 
* – significance at p = 0.05, ** – only one variety was analyzed, ns – non 
significant at p = 0.05 and ND= not determined  
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Fig 3.1 Ash-free dry matter of Bt and non-Bt silages as affected by ensiling. Error 
bar represents the least significant difference (LSD) at p = 0.05. 
 
There were no differences in CF as a result of ensiling for both Bt and non-Bt 
maize. Maize material had elevated NDF and ADF concentrations which declined 
within 2 days of ensiling and remained constant for the whole period (Table 3.2). 
Higher NDF and ADF content was found in Bt than non-Bt maize silages. Acid 
detergent lignin of the maize was high initially but declined till day 8 after which it 
remained constant. There were no differences in ADL observed between Bt and 
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non-Bt maize (Table 3.3). Crude protein and TDN were not influenced by ensiling 
or type of variety. 
 
Table 3.2: Cry1Ab protein and quality parameters of silages as affected by 
ensiling  
Time (days) 0 2 4 8 15 42 LSD (p<0.05) 
Cry1Ab protein (ng g-1) 297.0 332.3 317.4 304.3 319.0 308.8 52.86 
CF (%) 26.2 23.4 22.8 24.6 23.0 21.7 2.94 
NDF (%) 65.8 55.2 55.7 57.0 57.7 55.6 2.29 
ADF (%) 33.5 25.5 25.1 26.7 26.9 25.7 1.89 
ADL (%) 8.7 ND 6.2 5.1 5.2 4.3 1.74 
CP (%) 13.4 13.3 13.2 14.9 14.2 14.7 1.44 
TDN (%) 59.8 62.1 62.4 61.1 62.3 63.3 2.22 
ND – not determined 
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3.4.2 Ash free dry matter, Cry1Ab protein and silage quality parameters for 
the 2009/10 plant materials  
Ash free dry matter was not influenced by ensiling but by varieties. PAN6777 had 
the highest AFDM of the four varieties (Table 3.4). DKC61-25B, DKC61-24 and 
PAN6Q-321B had statistically similar AFDM values. Cry1Ab protein decreased 
significantly with ensiling (Table 3.5). At the end of the ensiling period the Cry1Ab 
protein in DKC61-25B and PAN6Q-321B had decreased to 72.1 % and 60 % of 
the initial levels, respectively. DKC61-25B had significantly higher Cry1Ab 
content than PAN6Q-321B. There was an interaction between ensiling and 
varieties (Table 3.5). Silage from the Bt maize cultivars had similar NDF, ADF, 
ADL and CP contents to those of their isogenic lines (Table 3.4). 
 
Table 3.3: Quality parameters of silage from Bt and non-Bt maize hybrids 
Variety CF (%) NDF (%) ADF (%) ADL (%) CP (%) TDN (%) 
DKC80-12B 24.4 59.0 27.8 5.5 14.2 61.2 
DKC80-10 22.8 56.7 26.6 6.3 13.7 62.4 
LSD(p = 0.05) 1.70 1.32 1.08 1.10 0.83 1.28 
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Table 3.4: Cry1Ab protein and quality parameters of silage from Bt and non-Bt 
maize hybrids 
ND – not determined 
 
 
 
 
 
 
Variety AFDM 
(%) 
Cry1Ab Protein 
( ng g-1 ) 
NDF 
(%) 
ADF   
(%) 
ADL   
(%) 
CP    
(%) 
DKC61-25B 94.86 322.2 54.7 28.2 3.31 8.84 
PAN6Q-321B 94.92 306.4 57.6 30.7 3.62 8.09 
DKC61-24 94.88 ND 54.2 26.5 3.10 9.40 
PAN6777 95.74 ND 53.9 27.1 2.44 7.90 
LSD(p = 0.05) 0.648 13.56 3.84 4.52 0.925 1.341 
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Table 3.5: Degradation of Cry1Ab protein during ensiling over a 42 day period 
Variety  Ensiling Time (days)  
 0 8 42 
DKC61-25B 366.3 336.0 264.2 
PAN6Q-321B 364.7 335.9 218.6 
LSD(p = 0.05)  23.49  
ANOVA parameters    Probability of > F 
Variety (V)     0.001 
Ensiling (E)     0.027 
V × E      0.019 
 
 
3.4 DISCUSSION 
Non-Bt maize silages had higher AFDM content except for DKC61-24 in the 
second study which had similar percent AFDM to both Bt maize silages. These 
results suggest that the content of AFDM in the silage may not be affected by 
genetic modification of the maize with the MON810 event. Hunt et al. (1993) 
observed higher DM and insoluble ash in non-ensiled maize material compared 
to the silages. In the 2008/09 experiment non-ensiled DKC61-25B had lower 
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AFDM than Bt maize silage which could not be explained. However, no 
differences were observed in the 2009/10 experiment. 
The Cry1Ab protein remained relatively unchanged throughout the duration of the 
ensiling process in the 2008/10 study, whereas substantial degradation occurred 
in the other study. The results of the 2009/10 experiment were in agreement with 
the findings of Lutz et al., (2006) who reported a marked degradation of Cry1Ab 
protein to 23.5 ± 0.9 % protein during 61 days of ensiling Bt-176 maize. However, 
in our second experiment >55 % of the initial concentration of Cry1Ab protein 
remained in the silage at the end of the experiment. The results suggested that 
ensiling Bt maize resulted in a large proportion of the initial Cry1Ab concentration 
remaining in the silage. The differences in the results of the two experiments in 
terms of Cry1Ab protein could have been the result of differences in chemical 
composition of the materials ensiled. For example, the initial lignin content was 
>8 % in materials of the first experiment whereas it was <4 % in materials used in 
the second experiment.  
In contrast to these finding, Folmer et al. (2002) observed significant degradation 
of the Cry1Ab protein within 4 days and 9 days for two Bt-maize silages and it 
had degraded to trace amounts. Luz et al. (2006) suggested that degradation of 
the Cry1Ab protein is dependent on low pH and bacterial composition of silages. 
It is expected that animals fed with Bt maize silages may ingest the Cry1Ab in the 
feed. The existence of the Cry1Ab at the end of the study is of concern but its 
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effect has not yet been proven on the gut microbes in organisms or on 
performance of livestock. 
Significantly higher NDF and ADF for fresh non-ensiled maize material than 
ensiled maize in the 2008/10 experiment indicate that ensiling had an effect on 
the degradation of fiber components. The first study was in agreement with the 
study of Hunt et al. (1993) who observed greater NDF content in fresh whole 
maize samples than ensiled and ensiled but inoculated material. Although the 
two experiments showed different results in terms of NDF and ADF, in each of 
the experiments both fiber parameters followed similar trends. Meeske et al. 
(2000) did not find any differences between NDF and ADF of silages of 21 
different maize hybrids. In the first study DKC80-12B was significantly higher for 
NDF and ADF than DKC61-25 but in the second study there were no differences 
between Bt and non-Bt silages. This finding concurs with that of Folmer et al. 
(2002) who found consistently higher NDF content for Bt11 maize silages though 
the differences were minimal.  Therefore, it could not be concluded with certainty 
that the insertion of the cry genes into the plant genome increased the fiber 
content of Bt maize silages.  
The second experiment did not show any differences in the fiber parameters of 
all silages during the ensiling process.  The findings of the first study were not 
observed in the second study. In their study Hunt et al. (1993) concluded that 
there were differences in the chemical composition among different hybrids. 
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Differences in our two studies could be attributed to varietal differences and were 
anticipated.  
Neutral detergent fiber, ADF, CP and DM have been used to determine 
digestibility coefficients (Hunt et al., 1993). However, Van Soest et al. (1991) 
consider ADF not suitable for prediction of digestibility. According to Van Soest et 
al. (1991) NDF is the insoluble fiber in feed that comprises of hemicelluloses, 
cellulose and lignin. This insoluble fiber is a requirement for normal rumen 
function in ruminants and NDF is considered a better index for estimating the 
fiber requirement of animals than ADF and CF. Transgenic (Bt) maize silage in 
the 2008/09 could thus be considered suitable for normal rumen function 
because of it had significantly higher levels of NDF than its isogenic line.  
Similarity in the ADL content between Bt and non-Bt silages in both studies is in 
contrast with the findings of Folmer et al. (2002), who reported slightly higher 
lignin content in Bt maize silage than in the near-isoline hybrids. However, both 
studies support the findings of Jung and Sheaffer (2004) who failed to find any 
consistent differences in the concentration of lignin between Bt maize and the 
near-isolines.  In the first study lignin content was found to be higher in fresh non-
ensiled maize than in the silages. This was similar to the study of Hunt et al.  
(1993) who reported higher lignin content in fresh samples compared to ensiled 
samples. Ensiling thus has an influence in the degradation of lignin in silages 
which could result in improved digestibility of silages. 
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Silage made from Bt maize hybrids had similar CP to silage made from their 
parent plant. Their similar genetic make-up could explain the similarities in the 
CP content of the silages. This further indicates that incorporation of the cry 
genes into the plant genome does not alter the CP content of the silages from 
transgenic maize. Maize is generally known to be low in protein content whilst it 
is medium in starch equivalent in DM (Murdoch, 1962). Murdoch (1962) classified 
feeding value of silage into high, medium and low. Based on CP, the silage in the 
first study could have a medium feeding value whereas those from the second 
experiment would have a lower feeding value. The protein content in the medium 
category varies from 12-15 %. The protein content was 14.18 % (Bt silage) and 
13.70 (%) (non-Bt silage) and for the second experiment <9.5 % for all silages.  
There were no differences in TDN of silages. Hunt et al. (1993) found higher TDN 
in Pioneer 3377 variety, and attributed this to lower ADF content in the silage. 
Similar TDN values between Bt and non-Bt maize silage indicates substantial 
equivalence in quality of silages.   
 
3.5 CONCLUSION 
The Cry1Ab was not substantially degraded by ensiling in both experiments 
indicating that silage-making may not be a useful strategy for getting rid of the 
Cry1Ab protein. There were no differences in the composition and feeding value 
of silage from Bt maize (MON810) and their near-isogenic lines. Therefore, 
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modification of maize crop with Bacillus thuringiensis did not influence the quality 
of silage. Whereas silage making is one way of using Bt maize plant material, it 
would be important to understand the decomposition of the maize plant material 
when left on the soil under field conditions. 
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CHAPTER 4 
DECOMPOSITON OF SURFACE-APPLIED AND SOIL-INCORPORATED BT 
MAIZE RESIDUES AND THE CRY1AB PROTEIN 
  
4.1 ABSTRACT 
There have been suggestions that there may be a possibility of unintended 
effects on the structural component of Bt maize residues, which may impact on 
their decomposition under different agronomic conditions. In most agricultural 
systems, maize residues are either left on the soil surface or incorporated into 
the soil during tillage. A litterbag study with three treatments (DKC81-12B, 
DKC80-10 and DKC6-125) was carried out at the University of Fort Hare farm to 
determine the decomposition of Bt maize residues when left on the soil surface 
for 16 weeks under field conditions. Another litterbag study was conducted at the 
University of Fort Hare farm and Zanyokwe Irrigation Scheme with four 
treatments (DKC75-15B, CRN3505, PAN6Q-321B and PAN6Q-121) to 
determine the decomposition of Bt maize residues when incorporated into the 
soil for 12 weeks. The degradation of Cry1Ab protein under both residue 
management systems was investigated. Decomposition of Bt and non-Bt maize 
residues was similar for surface application and soil incorporation. Surface 
applied residues decomposed at a faster rate during the first month compared to 
soil-incorporated residues, however, at the end of the studies soil-incorporated 
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residues decomposed faster. The Cry1Ab protein of soil incorporated residues 
degraded faster than in surface-applied residues. In both studies decomposition 
was influenced by the type of residue management system than by the residue 
type.  
Keywords: ash free dry matter, Bt maize, Cry1Ab protein, decomposition, 
residues  
 
4.2 INTRODUCTION 
There have been concerns that the Cry1Ab genes may alter the compositional 
quality of plant structure which may have unintended effects on the soil agro-
ecosystem. In most agricultural practices, after harvesting the commercially 
usable portion, the remaining biomass is left in the field (Muchaonyerwa and 
Wallade, 2007). Zscheischler et al. (1984) cited in Zwahlen et al. (2003b) 
estimated dry matter of 6 tonnes per hectare after harvesting the grain and 2 - 
2.5 tonnes per hectare after ensiling.  
 Mungai et al. (2005) did not find any consistent differences in the lignin content 
between Bt maize and non-Bt near-isolines. Saxena and Stotzky (2001a) 
observed a significantly higher lignin content in the vascular bundle sheath and 
the surrounding cells of Bt maize as opposed to their corresponding non-Bt near-
isolines. The highest lignin was in Bt maize cultivars with Bt11 event followed by 
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MON810 and lastly event 176. Significantly higher lignin content in Bt maize was 
also reported by Flores et al. (2005) and Daudu et al. (2009).  
Decomposition of residues is influenced by soil microbial composition including 
culturable bacteria and fungi and the activities of enzymes such as proteases, 
acid and alkaline phosphatases, arylsulfatases and dehydrogenases (Flores et 
al., 2005), composition and plant structure for example lignin content, C: N ratios, 
polyphenols, (Daudu et al., 2009), and environmental conditions. There are 
conflicting reports in the literature on the effects of Bt maize on decomposition of 
maize residues. Daudu et al. (2009) and Lehman et al. (2008a; b) reported 
similarities in decomposition of transgenic residues and their near isolines 
incorporated into the soil even though in some cases lignin and C: N ratios were 
elevated in Bt maize. On the other hand Flores et al. (2005) reported lower 
decomposition rate of Bt maize residue than their non-Bt near-isolines in a 
laboratory experiment, which they attributed to differences in the lignin content 
and not C: N ratios or microbial activity.  
Slowly degrading plant material could be beneficial in adding to soil organic 
matter and improving soil structure and reducing soil erosion (Flores et al., 2005) 
and conserving soil moisture. However, it could also prolong the existence of the 
Cry proteins in the soil which could impact negatively on the soil ecosystem. 
Differences in these findings could be a result of variations in the background 
chemical compositions of the parents, lignin content in the original plant material 
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used. Incorporation of the residues in soil or leaving them on the surface could 
also be important. Studies have investigated the decomposition of Bt residues 
buried in the soil and little have been done regarding surface-applied residues 
under field conditions. 
In all the decomposition studies, different hybrids were used and often the 
hybrids showed different composition of C: N ratios and lignin content among 
other components which may be explained by varietal differences. In these 
studies the possibility of environmental conditions impacting on decomposition of 
the plant residues has generally been ignored. Lehman et al. (2008a) suggested 
that environmental conditions during a growing season could also have an effect 
on decomposition of residues. With the increase in adoption of transgenic crops 
in South Africa (James, 2007), it is imperative to understand the fate of residues 
of locally grown Bt maize hybrids when incorporated in the soil or left on the soil 
surface to ascertain the impacts of novel crops on the environment.  
 
Objectives 
The general objective of this study was to determine the effect of residue 
management on the decomposition of Bt maize residues and degradation of the 
Cry1Ab protein. The specific objectives were: 
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(i) To determine decomposition of Bt maize residues, and the Cry 1Ab protein, 
under field soil surface and incorporated conditions 
(ii) To compare decomposition of surface-applied applied and soil-incorporated 
residues 
 
Hypothesis 
(i) Bt maize and the Cry1Ab protein decompose at a slower rate than non-Bt 
maize when surface-applied or soil-incorporated 
(ii) Soil-incorporated residues decompose faster than surface-applied residues 
 
4.3 MATERIALS AND METHODS 
4.3.1 Decomposition of transgenic maize residues applied on the soil 
surface 
The study was set up at the University of Fort Hare Research Farm between 21 
July and 10 November, 2008. Details of soil characteristics and climatic 
conditions are given in Chapter 2. The field was previously cropped with three 
experimental maize cultivars; DKC80-12B (Bt maize), DKC80-10 (non-Bt near-
isogenic line) and DKC6-125 (a locally grown hybrid); planted on 8th February, 
2008 and harvested on 26th June, 2008. Dried leaf residues from the three maize 
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hybrids were used for the litterbag-based decomposition study. Litterbags (0.20 
m × 0.20 m) made of polyethylene material with 2 mm mesh size  were filled with 
10 g of dry maize leaf material (0.15 m in length) from the three maize cultivars. 
The residues were evenly packed in the litterbags, which were sealed using 
staples, and randomly placed on the soil surface. The experimental design was 
similar to that of the previous experimental maize material; an RCBD with three 
treatments replicated three times.  
Litterbags with leaf residues of DKC80-12B, DKC80-10 and DKC6-125 were 
placed in plots previously under the same cultivar. Five litterbags per treatment 
per block were prepared to allow for destructive sampling. One litterbag per plot 
was collected after 0, 2, 4, 8, 12 and 16 weeks of incubation. No irrigation was 
applied and no weeding was done in the plots. The last set of litterbags was 
retrieved on the 10th of November, 2008 after 16 weeks of incubation on the soil 
surface. 
Litterbag samples collected from the farm were brushed free of any soil, oven-
dried at 40 °C and ground to <2 mm. Leaf samples that were not taken to the 
field for decomposition serving as the initial sampling were also oven-dried.  
 
4.3.2 Chemical analysis 
Samples were analyzed for ash-free dry matter (AFDM) and Cry1Ab protein.  
Ash-free dry matter was determined using the method of Okalebo et al. (2002) as 
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described in Chapter 3. The Cry1Ab protein was determined using a double-
antibody sandwich ELISA technique with a kit developed by AGDIA as described 
in Chapter 2. 
 
4.3.3 Decomposition of Bt maize residues and their near-isoline hybrids 
incorporated into the soil. 
The study was established at two sites; University of Fort Hare Research Farm 
(UFH) in Alice and Zanyokwe Irrigation Scheme (ZIS). Climatic and soil 
information of University of Fort Hare farm are given in Chapter 2. Zanyokwe 
Irrigation Scheme is located (32° 43' and 37° 47'S; 27° 01' and 27° 07'E) between 
altitude 490 m and 550 m above sea level. The area experiences a temperate to 
warm and sub-humid climate and receives an average rainfall of 590 mm. The 
soil is a Valsrivier according to Soil Classification Working Group (1991) with 62 
% fine sand, 3 % medium sand, 1 % coarse sand, 22 % silt, 12 % clay, 0.44 
organic carbon and pH 6.5 (water) in the top soil (0-15 cm).  
The experiment was an RCBD with four treatments and five replicates. The 
treatments were leaf residues of Bt maize hybrid (DKC75-15B) and its near- 
isoline (CRN3505) and Bt maize hybrid (PAN6Q-308B) and its near-isoline 
(PAN6Q-121) obtained from North West University. Litterbags containing 15 g of 
leaf material were randomly placed in each block in pairs of the Bt maize hybrid 
and its near-isoline. The positions of the pairs were marked by pegs. The 
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litterbags were buried to 15 - 20 cm below the soil on 13th August at UFH and on 
18th August 2009, at ZIS. The litterbags were sampled at 0, 2, 4 and 8 weeks. 
The study was terminated on 9th October at UFH and on 13th October 2009 at 
ZIS; 12 weeks after burying the litterbags into the soil. The sampled leaf 
materials from the litterbags were oven-dried at 40 °C, ground (<2 mm mesh) 
and analyzed for ash-free dry matter and activity of Cry1Ab protein.  
 
4.3.4 Statistical analysis 
The data for ash-free dry matter and the Cry1Ab protein were subjected to 
ANOVA using GenStat statistical package (Lawes Agricultural Trust, 2008) and 
treatment means were separated using the least significant differences (LSD). 
 
4.4 RESULTS 
 
4.4.1 Ash-free dry matter in residues incubated on the soil surface 
The percent AFDM was not influenced by the type of maize residues (Table 4.1), 
but by time of incubation. The probabilities of the AFDM and Cry1Ab protein of 
maize residues surface- applied or soil incorporated is shown in Table 4.2. The 
degradation of Bt maize residues was similar to the decomposition of both non-Bt 
maize residues (Table 4.1). A significant decrease in the AFDM of surface 
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applied residues was observed over time (Table 4.3). Relative to initial levels, a 
significant decrease in AFDM of 7.5 % was observed after incubating the 
residues on soil surface for 4 weeks. The decrease in AFDM of the residues 
followed an almost linear trend from the 8th week up until the end of the study 
(16 weeks) when 75.4 % AFDM remained (Table 4.3).  
 
Table 4.1: Ash-free dry matter of DKC80-12B, DKC80-10 and DKC6-125 after 16 
weeks of incubation 
Cultivar AFDM (%) 
DKC80-12B 82.0 
DKC80-10 81.0 
DKC6-125 80.0 
LSD (p = 0.05) 3.65 
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Table 4.2: F – probabilities of ash-free dry matter and Cry1Ab protein of surface-
applied and soil- incorporated residues 
Source of Variation AFDM (%) Cry1Ab Protein (ng g-1) 
Surface applied residues 
Incubation time (weeks) 0.001* 0.036* 
Variety 0.565ns ** 
Incubation × Variety 0.937ns ** 
Soil incorporated at UFH 
Incubation time (weeks) 0.001* 0.001* 
Variety 0.505ns 0.213ns 
Incubation × Variety 0.043* 0.501ns 
Soil incorporated at ZIS 
Incubation time (weeks) 0.001* 0.001* 
Variety 0.120ns 0.066ns 
Incubation × Variety 0.510ns 0.871ns 
* –significant differences at p = 0.05, ** – only one Bt maize variety was 
analyzed, ns – non significant  
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4.4.2 Cry1Ab concentration in Bt maize residues incubated on soil surface 
The degradation of the Cry1Ab protein was significantly influenced by the 
decomposition time (only one of the cultivars was transgenic) (Table 4.3). The 
Cry1Ab protein degraded at a slow rate during the first 4 weeks, with 2.2 % of the 
initial concentration lost during this period. Degradation resulted in a decline of 
the Cry protein of 25.2 % and 43.9 % of the initial concentrations after 12 and 16 
weeks of incubation, respectively. 
Table 4.3 Degradation of ash-free dry matter and Cry1Ab protein of residues 
over a 16 week period 
Incubation time (weeks) AFDM (%) Cry1Ab Protein (ng/g) 
0 89.5 437.0 
2 88.3 426.0 
4 82.8 427.0 
8 81.8 388.0 
12 75.6 327.0 
16 67.47 245.0 
LSD (p = 0.05) 5.16 120.4 
CV (%) 6.6 17.1 
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4.4.3 Ash-free dry matter in maize residues incorporated in soil at UFH and 
ZIS 
The decomposition of the different maize residues based on residue mass loss 
was not affected by varieties in both sites (Table 4.4). The decrease in the AFDM 
was not a function of the type of maize residues incorporated in the soil, but 
incubation time (Table 4.5). At UFH farm AFDM decreased by 5.0 % within 4 
weeks after incorporating residues and by the end of the study 68.0 % of the 
initial AFDM remained (Table 4.5). Maize residues incorporated at Zanyokwe 
decomposed at a similar rate as those at UFH. Ash-free dry matter significantly 
decreased over the incubation time. At Zanyokwe, AFDM decreased by 4.1% 
and at the end of the study 72.2 % of initial AFDM content remained. 
 
4.4.4 Cry1Ab concentration in Bt maize residues incorporated in the soil at 
UFH farm and ZIS 
There was no difference in the degradation of the Cry1Ab protein between 
DKC75-15B and PAN6Q-308B after incorporation in soil at both sites (Table 4.6). 
Degradation of the protein was only influenced by incubation time at both sites. 
The Cry1Ab concentrations of Bt maize residues buried in both sites showed a 
decrease over time (Table 4.5). At the first sampling after 4 weeks of incubation 
the Cry1Ab had decreased by 12.2 % and 11 % of the initial Cry1Ab at the UFH 
farm and ZIS, respectively.  At the end of the decomposition study (after 12 
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weeks), the Cry1Ab concentration had decreased by 38.3 % at UFH farm and by 
39.2 % at ZIS. The Cry1Ab level at each sampling time was significantly different 
at both sites. Despite that all Bt maize residues are of transformation event 
MON810 differences in the concentration of the initial Cry1Ab protein were noted. 
Initial residues of DKC80-12B used in the surface-applied residue experiment 
had higher levels of Cry1Ab proteins than the DKC75-15B and PAN6Q-308B 
used in the incorporation study. 
 
Table 4.4: Ash-free dry matter of four maize residues incorporated in the soil at 
UFH farm and ZIS  
Cultivar AFDM (%) 
 UFH ZIS 
DKC75-15B 77.4 79.4 
CRN3505 77.0 75.7 
PAN6Q-321B 75.6 77.1 
PAN6Q-121 77.3 77.0 
LSD (p = 0.05 2.56 1.08 
CV (%) 5.2 6.2 
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Table 4.5: Degradation of ash-free dry matter at UFH and ZIS during 12 weeks of 
incubation of residues 
Incubation time (weeks) AFDM (%) 
 UFH ZIS 
0 88.6 87.1 
4 84.2 83.5 
8 74.2 75.9 
12 60.3 62.8 
LSD (p = 0.05) 2.56 1.08 
CV (%) 5.2 6.2 
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Table 4.6: The Cry1Ab proteins of residues during a 16 week period of 
decomposition 
Incubation time (weeks) Cry1Ab protein (ng g-1) 
 UFH ZIS 
0 320.9 314.4 
4 281.6 280.0 
8 248.6 238.5 
12 198.0 191.1 
LSD (p = 0.05) 29.18 23.09 
CV (%) 12.1 9.8 
 
 
4.5 DISCUSSION 
Genetic modification of maize to produce Cry1Ab proteins did not affect the 
decomposition of Bt maize residues both when the residues were surface applied 
and soil incorporated under field conditions. The results were in agreement with 
those of Lehman et al. (2008a; b) and Tarkalson et al. (2008), who did not find 
any differences in the decomposition of Bt and non-Bt maize residues after 
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burying them in the soil under field conditions. Zwahlen et al. (2007) found similar 
results when they buried the maize residues in litterbags with large mesh size of 
5000 µm. However, Bt maize was found to decompose faster than non-Bt maize 
when litterbags of 125 µm and 20 µm mesh size were buried in the soil. These 
findings were in agreement to the findings of Daudu et al. (2009) who reported no 
effects of genetic modification (MON810) on decomposition of stem and leaf 
residues of maize. Daudu et al. (2009) reported higher concentrations of lignin, 
cellulose, total polyphenols and lower C/N ratio in Bt maize residues than the 
non-Bt counterparts. There were no differences in the percent mass loss (AFDM) 
between Bt and non-Bt maize residues both when soil-incorporated or surface-
applied. These findings suggest that genetic modification of maize with the 
(MON810 event) may not affect decomposition and nutrient release from the 
maize residues.  
The differences observed in the rate of decomposition was the result of different 
residue management practices, that is, surface applying versus burial and not the 
varieties. At 12 weeks after surface-applying residues 84.4 % AFDM remained. 
The residual AFDM at the end of the study, 12 weeks after burial in the soil, was 
68.0 % at UFH farm and 72.2 % at ZIS. Comparing the rate of decomposition of 
surface-applied residues and soil–incorporated residues at 12 weeks it was 
found that soil incorporated residues decomposed at a faster rate.  
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Faster decomposition rate of soil incorporated residues than surface applied 
could be due to the greater proximity of the incorporated residues to soil and 
hence soil microbial activity. Zwahlen et al. (2003b) also observed differences in 
the degradation of Cry1Ab proteins in residues left on the soil and those 
incorporated into the soil. They reported a faster decomposition of residues in a 
no-till system during winter and autumn.  The Cry1Ab protein of residues buried 
in the soil degraded at a faster rate than that of residues left on the soil surface. 
This could have been a result of longer cool period they were exposed to 
(initiated in July) compared to the incorporated residues (initiated in August) and 
the contact of residues with soil which could affect microbial activity.  
The initial lower decomposition rate of residues left on the soil surface was 
probably the result of low temperatures during the first 4 weeks of the study 
coinciding with July/August. Decomposition was faster later on during incubation 
when temperatures increased as summer approached. Microbial activity is more 
pronounced when temperatures are between 24 and 27 °C (Zwahlen et al. 
2003b). The decrease in the Cry1Ab protein was positively correlated to the trend 
followed by AFDM. As AFDM decreased the Cry1Ab protein decreased at an 
almost similar rate. Given more time in the field the Cry1Ab protein would have 
further degraded. These results suggested that the Cry1Ab degraded as the 
maize plant materials were decomposed by soil micro-organisms. 
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4.6 CONCLUSION 
Residues of Bt maize (MON810) decomposed similarly to those of their non-Bt 
near-isogenic lines, irrespective of whether they were buried into the soil or 
surface-applied. This indicated that genetic modification of the maize varieties 
through the MON810 transformation event may not affect the soil decomposition 
of the resulting Bt maize residues. Similarly the Cry1Ab protein degraded with the 
plant matrix and it persisted from harvesting to the next planting season. The Cry 
proteins of surface-applied residues decompose at a slower rate than that of soil-
incorporated residues. Surface-applied residues decompose at a slower rate 
than soil-incorporated residues. A substantial proportion of the Cry1Ab protein 
remained at the end of 12 weeks indicating that it persists in soil up to the 
beginning of the following summer season. 
 
 
 
 
 
 
 
79 
 
CHAPTER 5 
GENERAL DISCUSSION, CONCLUSION AND RECOMMENDATIONS 
 
5.1 GENERAL DISCUSSION 
Production of Bt crops has significantly increased during the past 10 – 15 years 
(James, 2007) as a result of the yield benefits caused by protection of the crops 
from insect attack as well as reduced costs of buying and application of 
pesticides among other things (Cannon, 2000). Transgenic (Bt) maize is one of 
the major genetically modified crops commercially produced in South Africa. 
Studies assessing the potential risk associated with transgenic crops have 
focused efforts on possible unintended effects on chemical and structural 
component of the crop (Saxena and Stotzky, 2001a; Folmer et al., 2002; Jung 
and Sheaffer, 2004; Flores et al., 2005; Mungai et al., 2005; Poerschmann et al., 
2005; Daudu et al., 2009). Research elsewhere suggests that Bt maize could 
have elevated lignin which could affect digestibility of animal feed derived from it 
and decomposition of the residues (Poerschmann et al., 2005).  
It has been reported in the literature that Bt maize releases the Cry1Ab protein in 
the rhizosphere. Expression of Cry1Ab protein in maize and its amounts in 
materials used for silage or residues incorporated into soil could depend on 
environmental conditions. Management of maize plant material includes 
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production of silage, burning of residues, composting the residues in the field 
either on the surface or incorporated. All these different management strategies 
have different implications on the biosafety concerns of these crops. The 
objective of this study was to investigate the effects of Bt maize (MON810) on 
earthworms, quality of silage and decomposition of residues under filed 
conditions. 
No differences were observed in the levels of Cry1Ab proteins in the leaves, 
stems and roots of DKC61-25B and PAN6Q-321B during the sampling times. All 
sampling times showed that there were no negative effects on the activity and 
biomass of earthworms. These findings are similar to a number of other studies 
carried out to assess the impacts of Cry proteins on earthworms (Saxena and 
Stotzky, 2001b; Zwahlen et al., 2003a; Vercesi et al., 2006 and Krogh et al., 
2007). Earthworms are an indicator of soil quality and the findings mean that the 
soil quality was not compromised by growing Bt maize. However the significance 
of these findings is limited since they were based on one season`s data. Longer-
term studies may still be required.  
Whereas there were no negative effects on earthworms due to the growing Bt 
maize, it was essential to understand effects of when such Bt maize on quality of 
silage, considering change in chemical composition and the presence of the 
Cry1Ab protein. No evident effects of the genetic modification were observed on 
the compositional quality of the silages (Chapter 3). The findings suggest that the 
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quality of silage produced from Bt maize is of similar quality to that from 
conventional maize, except that such silage contain the Cry1Ab protein. 
The fate of the Cry1Ab protein in Bt maize silage (Lutz et al., 2006) and its 
effects on the quality of silage has been investigated (Folmer et al., 2002; Jung 
and Sheaffer, 2004). The minor differences reported could be explained by 
differences existing in the compositional quality among different conventional 
hybrids (Hunt et al., 1993). In most cases, Bt-maize was similar in its chemical 
composition to its near-isoline as opposed to other non-Bt maize hybrids 
seemingly because they are from the same parent material (Chapter 3). No 
reports could be found in the literature concerning impacts of the Cry1Ab in Bt 
maize on microbes in the midgut of livestock feeding on Bt maize diets, and such 
effects were not tested in this study.  
Besides silage making, maize residues could be left on the soil surface in no-till 
systems or incorporated in the soil in tillage practices after harvesting the 
commercially usable parts of maize. Litterbag studies conducted to represent 
these two residue management practices under field conditions showed no 
differences in the degradation between Bt maize residues and non-Bt maize 
residues suggesting that genetic modification of maize with MON810 may not 
affect residue decomposition and possibly nutrient release in maize-based 
systems (Chapter 4). These findings were similar to the findings of Tarkalson et 
al. (2007); Lehman et al. (2008a; 2008b) and Daudu et al. (2009). However, 
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Flores et al., (2005) reported significant differences in the decomposition of Bt 
maize residues than non-Bt maize residues. However, soil incorporated residues 
decomposed faster than surface-applied residues, possibly as a result of greater 
residue to soil contact in the latter. 
Whereas high proportions of the Cry1Ab protein were retained in silage, the 
protein degraded to lower levels and the degradation appeared to be fast when 
temperatures increased. This suggested that relatively low levels of the protein 
could remain in the residues through summer months when moisture and 
temperature are high. This was in agreement with the findings of Daudu et al. 
(2009) who reported rapid degradation of the Cry1Ab to low levels (in 2 weeks) 
when the residues were buried in the soil in summer.  
Based on the findings of this study it can be summarized that: (i) a growing Bt 
maize crop would not affect soil earthworms, (ii) the Bt maize silage is similar in 
quality to that of non-Bt maize although it contains elevated levels of the Cry1Ab 
protein, and (iii) the decomposition of the maize residues is not influenced by 
genetic modification. 
 
5.2 CONCLUSION 
Growing Bt maize does not impact adversely on earthworm numbers and 
biomass. There were no apparent differences between Bt maize hybrids and 
their corresponding near-isolines in terms of silage quality. The Cry1Ab persisted 
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throughout the ensiling period. Modification of maize with cry genes did not affect 
decomposition of residues in a no-till and tillage system but decomposition of the 
Cry1Ab appeared to be faster when it became warmer.  
 
5.3 RECOMMENDATIONS 
(i) Earthworm populations in fields that have a long history of growing Bt maize 
should be investigated considering that the exposure to Cry1Ab proteins is 
extended for longer periods.  
(ii) There is need for further work on the effect of the Cry1Ab protein retained in 
silage on gut microbes of livestock. 
(iii) Nutrient and organic matter levels of soils with a long history of retention of Bt 
maize residues need to be studied. 
(iv) New maize hybrids with different transformation events including stacked 
genes need to be monitored in terms of protein expression levels, quality of 
silage and decomposition. 
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